We have measured extremely large coercive magnetic fields of up to 55 T in Sr 3 NiIrO 6 , with a switched magnetic moment ≈ 0.8 µ B per formula unit. As far as we are aware, this is the largest coercive field observed thus far. This extraordinarily hard magnetism has a completely different origin from that found in conventional ferromagnets. Instead, it is due to the evolution of a frustrated antiferromagnetic state in the presence of strong magnetocrystalline anisotropy due to the overlap of spatially-extended Ir 4+ 5d orbitals with oxygen 2p and Ni 2+ 3d orbitals. This work highlights the unusual physics that can result from combining the extended 5d orbitals in Ir 4+ with the frustrated behaviour of triangular lattice antiferromagnets.
I. INTRODUCTION

Oxides containing iridium in the Ir
4+ (5d 5 ) state have received much recent attention because the energy scales for spin-orbit interactions (SOIs), Coulomb repulsion, and crystallineelectric fields are all very similar [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This unusual situation, in comparison to analogous 3d systems, results from a decrease in the strength of correlation effects and an increase in SOIs as one descends the periodic table. Usually, the Coulomb repulsion and SOIs are responsible for Hund's rules that determine the groundstates of magnetic ions; however, in these 5d (and some 4d) systems, the competition between the three similarly-sized energy scales can result in exotic magnetic states [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , leading to proposals for the use of Ir 4+ -based systems in quantum information processing and other novel applications (see Refs.
[2, 9] and references therein). In this paper, we report another manifestation of unusual 5d physics: extremely large coercive magnetic fields of up to 55 T in Sr 3 NiIrO 6 , with a switched magnetic moment of about 0.8µ B per formula unit. As far as we are aware, this is the largest coercive field measured thus far, and a factor ∼ 5 times those reported recently in novel, ultra-hard ferromagnets [12] . This exemplary hard magnetism is, however, very different from that found in conventional ferromagnets in that it results from an unusual, frustrated, antiferromagnetic ground state that incorporates a relatively large magnetocrystalline anisotropy.
The salient structural details [13] are shown in Fig. 1 . The Ni 2+ and Ir 4+ magnetic ions in Sr 3 NiIrO 6 occupy oxygen cages that alternate in chains parallel to the c-axis ( Fig. 1(a) ).
These chains are in turn arranged in a hexagonal pattern in the ab-plane ( Fig. 1(b) ) [13] .
The Ni 2+ is surrounded by a trigonal bipyramid of oxygen atoms, while the Ir 4+ ion sits in an octahedral oxygen cage. Magnetic frustration is intrinsic to this structure, and can result from antiferromagnetic interactions within the triangular lattice in the ab-plane, and from frustration between nearest-neighbour and next-nearest-neighbour interactions along the c-axis chains. Electronic structure calculations have suggested both possibilities for Sr 3 NiIrO 6 [14] [15] [16] 
II. RESULTS
A. Low-field magnetization and dynamics
Our study involves 10 different samples of Sr 3 NiIrO 6 from several different batches encompassing minor variations in growth conditions. The results for all samples are rather consistent; typical data from four single crystals (labelled S1 to S4) and three polycrystalline samples (P1, P2, P3) are shown in the figures that follow. Note that sample S2 is a very small crystal with exceptionally clean hexagonal faces containing virtually no visible defects;
as will be seen below, this apparent cleanliness is of relevance to the timescales over which the remanent magnetization persists.
Typical examples of low-magnetic-field DC magnetization data for Sr 3 NiIrO 6 (samples S1, S2 and P1) are shown in Fig. 2 . Magnetic order sets in below 85 K, being marked by a broad feature in magnetization (M ) vs. temperature (T ) data ( Fig. 2(a) ), and additional peaks in elastic neutron scattering [17] [18] [19] . The neutron diffraction data are consistent with either a partially-disordered antiferromagnet [20] or an amplitude-modulated antiferromagnetic state at low T . Despite the onset of long-range order at 85 K, the heat capacity is nearly featureless between 4 and 250 K [18] . ( Fig. 3(d) ), the M (H) data also show some curvature at low fields, but M does not relax back to zero between field pulses. (As will be shown in Fig. 4(a) below, polycrystalline sample P3 shows similar behaviour, but superimposed on a much less curved background.)
In the initial up-sweep, M jumps at a record-high magnetic coercive field of µ 0 H c = 55 T after zero-field cooling; in subsequent pulses, the M jump doubles in height, but is observed at lower fields (40 T). Note that all samples exhibit a higher H c value in the initial field sweep after zero-field cooling, compared to those seen in subsequent field sweeps; we shall return to this behaviour below. Finally, we remark that the jumps in M are sharp, occurring over a small range of field (< 1 T at 4 K). In particular, the transition width in Fig. 3(c) is
There is no systematic dependence of the magnetic hysteresis on details of the growth method in the samples shown in Fig. 3 or in the three other samples measured, suggesting that all samples have the same Ni/Ir ratio. There does, however, appear to be a pinning effect that stabilizes M in most of the samples; in such cases, the remanent magnetization was found to persist unchanged for at least 24 hours at T = 4 K. By contrast, sample S2
in Fig. 3(c) shows magnetic relaxation on millisecond timescales (i.e. similar timescales to the downsweep of the pulsed field; see Fig. 6(a) ). In addition, none of the samples studied For sweep rates larger than 360 T/s, a capacitor-bank-driven pulsed magnet was used; other data were taken using the generator-driven 60 T Long-Pulse Magnet (see Fig. 6 for magnetic field profiles). Twice during this experiment, the sample was warmed to room temperature (denoted by red vertical dashed lines).
C. Dynamics, and history-and temperature dependences of the coercive field
In view of the field-sweep-rate dependence of the low-field magnetization noted earlier (Fig. 2(b)-(f) ), it is interesting to see if the hysteresis loops are affected by similar dynamical issues, and so Fig. 4 
features M (H) measurements of polycrystalline sample P3 in the Los
Alamos generator-driven 60 T Long-Pulse Magnet, which provides sweep rates between 25 and 360 T/s, and in a capacitor-driven 65 T magnet with faster sweep rates (pulse shapes are shown in Fig. 6 ). Fig. 4(a) once again demonstrates that the coercive field is higher on the initial field sweep after zero-field cooling (c.f. Figs. 3(c) and (d)) , whilst (b) shows that this trend also occurs at lower field-sweep rates. The history dependence of the coercive field throughout a sequence of field pulses of varying sweep rate and a couple of thermal cycles to room temperature and back is illustrated in Fig. 4(c) . All of these data show that the magnetic hysteresis loop is robust at least down to 25 T/s and illustrate that on magnet pulses subsequent to the initial pulse following zero-field cooling, H c is slightly smaller in lower field sweep rates; this was observed in all measured samples. [36] . For H c, hysteresis is observed at 10 K but has disappeared by 25 K. The T -dependence of H c is given in more detail in Fig. 5(a) , which shows dM/dH data for H c (sample S2); peaks occur at the coercive field, H c . Fig. 5(b) shows that H c decreases linearly with increasing T (data from samples S2 and S3), extrapolating to zero at ≈ 25 K. This is close to the onset of hysteretic behaviour and the frequency-dependent fall in M (see Fig. 2(b-f) ), linking the observation of finite coercive field with the low-temperature phase of the antiferromagnetic groundstate. The almost identical variations of H c with temperature in the two samples show that the value of this field and its temperature dependence are intrinsic to Sr 3 NiIrO 6 single crystals, whereas the persistence (or not) of the remanent magnetization depends on extrinsic factors such as defects or disorder (the same samples are used in Figs. 3(a),(c) ).
Finally, we note that a coercive field µ 0 H c ≈ 22 T was measured using polycrystalline samples of Sr 3 NiIrO 6 in Ref. [17] . All of our polycrystalline samples exhibit low-temperature coercive fields µ 0 H c ≈ 40 T, very similar to those seen in the single crystals (see Figs. 3 and 4). Therefore, the difference between polycrystalline and single-crystal samples cannot being caused by sluggish kinetics associated with the magnetic frustration intrinsic to this structural family [11] ; the same frustration is responsible for the slow magnetic relaxation (Figs. 2(c-f) ) and the strong variation (13−28 K) of the fall in M with frequency ( Fig. 2(b) ).
By contrast, in systems such as (Sm,Sr)MnO 3 [34] , where the magnetization jumps are not intrinsic, but associated with quenched disorder, the smaller the field-sweep rate, the larger the field needed to realize the transition, the opposite of what we observe in Sr 3 NiIrO 6 (Fig. 4) .
It is likely that the millisecond-timescale magnetic relaxation observed in the hysteresis loops for sample S2 (Fig. 3(c) ) is also intrinsic behaviour due to frustration, whilst samples S3, S4, P2 (Figs. 3(a), (d) , (e)) and P3 (Fig. 4(a) ) and all other samples studied exhibit pinning or freezing of the magnetization or an order-by-disorder mechanism, as seen at lower fields in isostructural Ca 3 CoMnO 6 [35] . In the latter mechanism, magnetic-site disorder disrupts longer-range interactions, leading to a reduction of frustration [35] .
B. Comparison with ferromagnets and other systems
Magnets with high coercivity, i.e., "hard" magnets, are important for a wide range of applications involving magnetic actuation and induction, such as loud speakers, wind turbines and electric motors [36] . In rare-earth iron boride magnets, among the hardest commercial magnets, µ 0 H c can be as large as 1.5 T at room temperature [37] . At cryogenic temperatures, magnetic hysteresis effects can extend to higher fields, e.g., up to 10 T in the colossal magnetoresistance manganites, and in Li 2 (Li 1−x Fe x )N, Gd 5 Ge 4 , Ga-doped CeFe 2 , LuFe 2 O 4 , and Fe 1/4 TaSe 2 [12, 28, [38] [39] [40] [41] [42] . Large coercive fields in such magnets are typically caused by magnetocrystalline anisotropy due to SOI [37] , whilst magnetic hysteresis results from a combination of domain dynamics and anisotropy [36] . In traditional ferromagnets, domains result from competition between the short-range exchange interactions that prefer parallel spin alignment, and the free-energy penalty of maintaining a magnetic field in an extended region of space around the sample [36] . The effect of this competition is that the energy scale for switching magnetic domains can be orders of magnitude smaller than those of the nearest-neighbor ferromagnetic exchange interactions. Generally, the microscopic order in a traditional ferromagnet does not change significantly around the hysteresis loop as the domains change direction and/or the domain walls move [36] . (≈ 20 T) [18] , and Ca 3 CoRhO 6 (≈ 30 T) [23] . Sr 3 NiIrO 6 is initially antiferromagnetic after zero-field cooling and its magnetic groundstate must evolve to produce a net magnetization [19] . The energy scale for the coercive field (µ 0 H c = 34 − 55 T) is roughly of the same order of magnitude as the temperature of the onset of magnetic hysteresis (13 − 28 K), and longrange order (85 K), consistent with evolution of the magnetic order driven by large magnetic fields. Indeed, in compounds isostructural with Sr 3 NiIrO 6 , the microscopic order has been shown to change around the hysteresis loop using elastic neutron diffraction measurements [43, 44] . We can therefore infer that the magnetic hysteresis in Sr 3 NiIrO 6 can be attributed to the evolution of a microscopic frustrated order with magnetic field, rather than domain effects (c.f. Ref. [45] ).
As mentioned previously, electronic structure calculations suggest that the magnetocrystalline anisotropy in Sr 3 NiIrO 6 results from the configuration of overlapping orbitals in [14] [15] [16] . This picture is supported by the prevalence of relatively large coercive magnetic fields in the isostructural family members that have 4d or 5d ions (with relatively extended orbitals) on the octahedral site and 3d ions on the bipyramidal site:
Ca 3 CoRhO 6 , Sr 3 NiIrO 6 and Sr 3 CoIrO 6 [17, 18, 23] . The exceptional coercive magnetic field in the title compound serves as another example of notable physical effects resulting from the unusual 5d orbital physics of Ir 4+ .
IV. CONCLUSION
In conclusion, we observed coercive magnetic fields of 34−55 T for H c in flux-grown single crystals and polycrystalline Sr 3 NiIrO 6 , to our knowledge, a record high coercive magnetic field for any material. Sr 3 NiIrO 6 shows signatures of a type of frustrated antiferromagnetic order in zero field [19] , and the hysteresis loop is likely due to evolution of this microscopic 
B. Magnetization measurements
Quasistatic-field magnetization (M (H)) data were measured in a vibrating sample magnetometer in a superconducting magnet (PPMS-14, Quantum Design), or in a SQUID (MPMS-7, Quantum Design). AC susceptibility data were measured in a 7 T AC SQUID and an ac susceptometer in a 14 T PPMS (Quantum Design).
The pulsed-field magnetization experiments used a 1.5 mm bore, 1.5 mm long, 1500-turn compensated-coil susceptometer, constructed from 50 gauge high-purity copper wire [46] . 
